Transcriptional activity of genes appears to be highly related to their replication timing; alleles showing the common biallelic mode of expression replicate highly synchronously, whereas those with a monoallelic mode of expression replicate asynchronously. Here we used FISH to determine the level of synchronisation in replication timing of alleles in amniotic fluid cells derived from normal foetuses and from those with either of the trisomies for autosomes 21, 18 or 13, or for sex chromosomes (47,XXX and 47,XXY). Two pairs of alleles, not associated with the extra chromosome, were studied in subjects with each trisomy and three in normal subjects. In cells derived from normal foetuses and from foetuses with sex chromosome trisomies, each pair of alleles replicated synchronously; yet these very same alleles replicated asynchronously in cells derived from foetuses with trisomy for any of the three autosomes studied. The results suggest that the gross phenotypic abnormalities associated with an extra autosome are brought about not only by over-expression of genes present in three doses, but also by modifications in the expression of genes present in the normal two doses.
Introduction
Numerous studies have demonstrated close association between the replication timing of a given chromosome region during S-phase and transcriptional activity of genes at that region. Hence, expressed loci replicate early in S-phase whilst silent ones replicate late (see reviews [1] [2] [3] . Recently, using a simple cytogenetic technique based on fluorescence in situ hybridisation (FISH), it became possible to distinguish between replicated and not yet replicated DNA sequences at interphase: while an unreplicated DNA sequence reveals a single fluorescent signal (singlet), a replicated sequence gives rise to a duplicated signal (doublet). 1 Using this technique, applied to human somatic cells, it has been convincingly demonstrated that alleles of genes which exhibit allele-specific expression (monoallelic mode of expression), such as imprinted genes, [4] [5] [6] [7] genes subjected to X-chromosome inactivation, 8 and olfactory receptor genes, 9 replicate asynchronously, whereas alleles which are expressed concomitantly (biallelic mode of expression) replicate highly synchronously. 1, 4, 8 There is also evidence for alleles of loci associated with cell proliferation (TP53, HER2 and CMYC) and chromosome segregation -which normally replicate synchronously -to replicate asynchronously when present in cancer cells. [10] [11] [12] Apparently the cancer phenotype may be associated with a shift in the expression mode of critical genes, from a biallelic mode to a monoallelic one.
Using FISH we have recently demonstrated that alleles which display a highly synchronised pattern of replication in foetal cells (amniocytes) of normal subjects replicate asynchronously in amniocytes of Down syndrome foetuses. 3 These alleles were of four independent loci not associated with chromosome 21; two most common tumor suppressor gene, RB1 and TP53 (mapped to 13q and 17p, respectively), 13 and two well known oncogenes, HER2 and CMYC (mapped to 17q, and 8q, respectively). 14 In the present work we examined whether the loss in temporal control of replication found in cells of Down syndrome subjects is associated, specifically, with the additional copy of chromosome 21 or is a general phenomenon brought about by any extra chromosome present in the genome. Using foetal cell samples derived from subjects carrying trisomy 18, 13, 47,XXX or 47,XXY, we studied the replication pattern of alleles of RB1, HER2, and of a locus mapped to 21q22, and compared it with the pattern shown in Down syndrome and in normal subjects. As mentioned, the RB1 and HER2 loci were previously used to examine Down syndrome foetuses; 3 the locus mapped to 21q22 was chosen because of its association with genes responsible for many of the phenotypic features of Down syndrome, 15 as well as with the AML1 gene, a member of a gene family of transcription factors, reviewed by Levanone et al. 16 The loss in temporal control of allelic replication was most significant in amniocytes derived from subjects with trisomies 18 and 13, even more than in trisomy 21 cells. On the other hand, cells derived from subjects carrying sex chromosome trisomy, 47,XXX and 47,XXY, showed a normal pattern of allelic replication. Based on the three loci studied, it appears that trisomies causing gross phenotypic disturbances, such as trisomy 18 and 13, show the largest change in the temporal order of allelic replication. Trisomy with a less drastic phenotypic effect, such as trisomy 21, shows a somewhat lower change in the replication behaviour of alleles, while trisomies with mild phenotypic effect, such as 47,XXX and 47,XXY, do not cause any significant change in the replication timing of alleles.
Materials and Methods

Cell Cultures
Following amniocentesis diagnoses, 35 human amniotic-fluid cell cultures were established ( Amniotic fluid cultures were grown, harvested, stored and mounted on slides as previously described. 3 All cell samples were taken from primary cultures without any passage. 
In situ Hybridisation and Cytogenetic Evaluation
One-colour FISH was carried out according to the protocol described by Amiel et al. 3 Following hybridisation with a given probe, interphase cells which showed two hybridisation signals were analysed (53-190 cells in the various samples, Table 1 ). Cells were classified into three categories according to Selig et al. 
Statistical Analyses
The differences between the various frequencies were tested both by Student's t test and the Mann-Whitney U test. The applied tests were two-tailed: P values of 1% or less were considered statistically significant.
Results
Following hybridisation with the probe identifying the RB1 locus, the mean frequency of SD cells in samples of normal subjects (samples N1-N3) was 8.9 ± 1.8%. This value was similar (P > 0.01) to the corresponding values in samples obtained from foetuses carrying sex chromosome trisomies, triple X and Klinefelter syndrome (samples T1-T3 and K1-K2; means of 13.6 ± 3.3% and 11.2 ± 3.0%, respectively). One should consider, however, that around 10% of SD cells do not stem from asynchronous replication of alleles, but rather from suboptimal hybridisation conditions in which one allele fails to reveal the doubled hybridisation signal and exhibits a singlet. 1, 17 In contrast, samples derived from foetuses with trisomy 18 or 21 (samples E1-E7 or D1-D3, respectively) showed with the same probe a significantly (P < 0.002) higher frequency of SD cells, with mean values of 31.8 ± 1.1% and 23.3 ± 0.9%, respectively ( Figure 2a and Table 2 , first row). Comparing samples from the two autosomal trisomies, the RB1 locus revealed a significantly (P < 0.01) higher frequency of SD cells in samples carrying trisomy 18 -a condition with severe phenotypic manifestations -compared to samples carrying trisomy 21, which is accompanied by milder phenotypic disturbances ( Figure 2a and Table 2 , first row).
Following FISH with the probe for the HER2 locus, the frequency of SD cells was higher in samples carrying trisomy 13 (samples P1-P4) than in samples carrying trisomy 21 (samples D4-D7), with mean percentage of 35.1 ± 2.2 vs 26.3 ± 1.7, respectively. Evidently, the HER2 locus, similar to the RB1, showed higher frequency of SD cells in samples of trisomy 13, which is associated with more severe phenotypic consequences. However, for both trisomies these values were significantly higher (P = 0.01) than the corresponding value obtained in samples of normal subjects (samples N4-N7; Figure 2b and Table 2 , second row).
Samples carrying trisomy 13 (samples P1-P4) or 18 (samples E1-E4) showed a high frequency of SD cells following hybridisation also with the 21q22 probe (mean values of 32.2 ± 2.3% and 31.3 ± 2.6%, respectively). These values were much higher than the corresponding values found in samples with sex chromosome trisomies (samples T3, T4, K1 and K2) and in samples of normal subjects (samples N8-N11; Figure 2c and Table 2 , third row). In fact, the replication behaviour of the 21q22 locus in cell samples from the various genotypes studied was similar to that revealed by the RB1 and the HER2 loci ( Figure 2 and Table 2 ).
Thus, the two loci studied in each trisomic genotype showed similar levels of synchrony in replication timing of alleles. Likewise, the three loci studied in the normal genome also showed similar levels of synchrony (Figure 2 and Table 2 ). 
Replication asynchrony in trisomy
Considering the combined data of the two loci studied in each trisomic genotype and the three loci in the normal genotype, highly significant differences in the frequency of SD cells were demonstrated between samples of any autosomal trisomy and those of normal subjects (Table 3) . Similarly, each genotype with an autosomal trisomy deviated from each genotype with a sex chromosome trisomy, with samples of both sex chromosome trisomies showing low frequency of SD cells, similar to those observed in samples of normal subjects (Table 3) .
Among the autosomal trisomies, two frequency levels of SD cells were observed: a very high level shown by trisomy 13 and 18 -two genotypes with drastic phenotypic consequences (mean frequency values of 33.6 ± 1.6% and 31.6 ± 1.1%, respectively), and a somewhat lower level revealed by the Down syndrome genotype (mean value of 25.0 ± 1.1%), characterised by milder phenotypic disturbances (Tables 2 and  3 , Figure 2 ).
The frequencies of SS and DD cells showed a large intra-genotypic variation (Figure 2 ). However, considering the frequency of SS cells, there appeared to be a difference (P < 0.01) between the pooled data of samples of foetuses with autosomal trisomy (mean of 51.4 ± 2.1%) and the corresponding data of either normal subjects (mean of 65.5 ± 2.2%) or those with sex chromosome trisomies (mean of 62.9 ± 3.2%, Table 4 ). No significant differences (P > 0.01) between the pooled data estimates of the three groups were found in the frequency of DD cells (Table 4 ). This data indicates that the increased frequency of SD cells in samples of foetuses with autosomal trisomy resulted from an early replication rather than from late replication of a single allele from each pair.
Discussion
Similar to cells of Down syndrome individuals, 3 cells derived from foetuses with constitutional trisomies for (Edwards syndrome; samples E1-E7), trisomy 13 (Patau syndrome; samples P1-P4), 47,XXX (Triple X; samples T1-T4), and 47,XXY (Klinefelter syndrome, samples K1-K2). SS represent cells in which both alleles did not replicate yet; DD represent cells in which both alleles replicated; and SD represent cells in which only one allele replicated and the other did not. The frequency of each group of cells was calculated from the total population of cells revealing two hybridisation signals following one-colour FISH. The total number of cells examined from each sample for a given probe is listed in Table 1 .
Figure 2 Frequency (%) of SS, DD and SD cells following FISH with probes identifying the RB1 alleles (frame a), HER2 alleles (frame b) and 21q22 alleles (frame c) in cell samples of normal foetuses (Normal; samples N1-N11) and of those with trisomy 21 (Down syndrome; samples D1-D7), trisomy 18
Replication asynchrony in trisomy t Replication asynchrony in trisomy A Amiel et al t autosomes 18 and 13 displayed asynchrony in replication timing of alleles that are not associated with the extra chromosome. This behaviour is in contrast to the synchronous replication displayed by the very same loci in cells of normal foetuses. Considering that synchrony in replication timing of alleles characterises loci expressed in the common biallelic mode, whilst asynchrony discloses loci subjected to a mechanism leading to monoallelic expression (see Introduction), then the trisomic status is not only associated with the expression of genes present in triplicates, but it also affects the expression of genes present in the normal two doses.
The following information may support the possibility that the expression of genes present in two doses is altered by the extra autosome. First, there is a large number of phenotypic characteristics, involving many tissues and organs which are associated with each trisomy -more than expected from the alterations caused by the extra copy of genes located on a single chromosome. For example, more than 130 different gross abnormalities have been reported in patients with trisomy 18, reviewed by Jones. 18 Secondly, there is a wide overlap between trisomies 13 and 18 in various clinical and pathological features, reviewed by Moerman et al, 19 many of which are also characteristic and diagnostic for trisomy 21. [20] [21] [22] Third, based on numerous reports, individuals with an extra autosome show, during foetal and neonatal life, a large number of various malignancies compared with the general population, reviewed by Stage and van Den Berghe. 23 This phenomenon may also be accounted for by the loss of synchrony in replication timing of alleles, a feature associated with the genomic instability accompanying the cancer phenotype. [10] [11] [12] Alterations in the expression of critical genes located in chromosome region 21q22 have been suggested to cause the Down syndrome phenotype. 15 Based on the temporal differences in replication timing of the two alleles at this region in cells of trisomies 13 and 18, we conclude that the expression of the 21q22 genes is modified in these cells too. Evidently, modification in expression of a critical locus in a trisomy is not merely due to its presence in three copies but results also from a non-locus specific effect of the extra autosome on loci which are present in the normal two copies in the genome. The resemblance in congenital brain malformations (holoprosencephaly 19 ) between trisomies 13 and 18 and other syndromes, such as pseudo-trisomy 13, 24 Meckel syndrome, 25 Ivemark syndrome, 26 and hydrolethalus syndrome, 27 all of which show normal karyotypes, may also point to the possibility that the congenital brain anomalies associated with autosomal trisomies are not necessarily caused by triplicate dosage of susceptible genes.
In addition to trisomic-specific malformations, each trisomy gives rise to many non-specific anomalies showing a large inter-individual variation. [18] [19] [20] [21] [22] [23] [24] The reasons for this variation are unknown. Presumably, this variation may be accounted for in part by a locus non-specific shift in the expression mode of many loci, not present on the extra chromosome, from a biallelic to a monoallelic mode of expression. Since, monoallelic mode of expression may uncover susceptible recessive alleles occasionally present in a trisomic genome, it gives rise to a new spectrum of anomalies. The large variation in prenatal survival found within each of the three studied autosomal trisomies, reviewed by Jacobs, 28 may also be explained by the monoallelic mechanism which enables the expression of lethal recessive alleles.
Although most human chromosomes have been implicated in the trisomic status in the embryo, trisomies 13, 18, 21 and those of the sex chromosomes are, with a few exceptions, the only ones that can survive and cross the pregnancy-birth barrier. 29 These trisomies show three distinct rates of replication asynchrony which correlate well with the severity of the syndrome: the highest level of asynchrony was shown for trisomy 13 and 18; the intermediate one for trisomy 21; and the lowest one for sex chromosome trisomies. It is, therefore, reasonable to assume that trisomies for which there is a low prenatal survival rate show more drastic changes in the temporal order of replication of alleles, rendering them incompatible for survival. Table 4 Significance of the differences between the indicated genotypes in the frequency of cells showing two singlets (SS cells) and two doublets (DD cells; n = total number of samples studied for a given group of genotypes). See Figure 1 An extra chromosome may interfere with the temporal order of replication through an epigenetic mechanism affecting one allele preferentially (according to the parent of origin or in relation to the parental origin of the extra chromosome) or randomly. Be the mechanism as it may, the present results, based on loci RB1, HER2 and 21q22, combined with those of our previous study in which we examined loci TP53, RB1, HER2 and CMYC, 3 suggest that the mechanism is not locusspecific. Such a mechanism could have originated to facilitate transcription silencing of genes present in an overdose, similar to that evolved for inactivating X chromosomes in mammals (gene dosage compensation between males and females), 30 or for suppressing the expression of genes present in extra chromosomes of plants. 31 We suggest that in human subjects carrying an extra autosome, this mechanism became deregulated, thus affecting also genes present in the normal dosage.
